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Abstract 
We present an approach that uses the huge fluid and thermal storage capacity of the subsurface, together with geologic CO2 storage, to 
harvest, store, and dispatch energy from subsurface (geothermal) and surface (solar, nuclear, fossil) thermal resources, as well as energy from 
electrical grids. Captured CO2 is injected into saline aquifers to store pressure, generate artesian flow of brine, and provide an additional 
working fluid for efficient heat extraction and power conversion. Concentric rings of injection and production wells are used to create a 
hydraulic divide to store pressure, CO2, and thermal energy. Such storage can take excess power from the grid and excess/waste thermal 
energy, and dispatch that energy when it is demanded, enabling increased penetration of variable renewables. Stored CO2 functions as a 
cushion gas to provide enormous pressure-storage capacity and displaces large quantities of brine, which can be desalinated and/or treated for 
a variety of beneficial uses. Geothermal power and energy-storage applications may generate enough revenues to justify CO2 capture costs. 
© 2013 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
Climate change mitigation requires a range of measures to reduce atmospheric CO2 emissions—the most important 
being increased reliance on electricity generated from renewable and low-carbon energy resources, and reduced CO2 
intensity of fossil energy use. Renewable energy technologies must be matched with bulk and thermal energy storage in 
order to reach their full potential, but there are presently no energy storage technologies that are economically feasible and 
widely deployable. Only the subsurface, with its vast volumes and high pressures, has the capacity to "firm" renewables 
with carbon-neutral (or carbon-negative) storage. 
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Geologic CO2 storage (GCS) is a promising means of reducing CO2 intensity of fossil energy use, but the high cost 
of capturing CO2 requires valuable uses for CO2 to justify those costs. Our approach is unique: initial "charging" of the 
system requires permanently isolating large volumes of captured CO2 and thus creates a market for its disposal. Once 
charged, our system can take power from, and deliver power to, electricity grids with the opposite timing of current 
solar and wind energy technologies, mitigating issues associated with high penetration of these variable energy sources, 
including the possibility of curtailments to wind power deliveries during periods of high winds and low loads. 
Our approach involves multi-fluid geothermal energy systems [1,2,3,4,5], and their extension, which includes 
thermal energy storage, resulting in multi-fluid geo-energy systems [6], in which CO2 and/or N2 are injected into 
permeable sedimentary formations. This injection stores pressure, generates artesian flow of formation brine, and 
provides a cushion gas and supplemental working fluids for efficient fluid recirculation, heat extraction, and power 
conversion, as well as providing the option for bulk energy storage (BES) and thermal energy storage (TES). Here, we 
present geothermal energy, BES and TES applications that use CO2 as the supplemental working fluid/cushion gas. 
1.1. CO2 Plume Geothermal (CPG) 
The use of supercritical CO2 as a working fluid in geothermal systems was first proposed for Engineered Geothermal 
Systems (EGS) in low-permeability, hot crystalline basement rocks [7,8]. For exploitation, CO2 EGS requires hydro-
fracturing or hydro-shearing tight formations to develop sufficient permeability for fluid recirculation [4]. Supercritical 
CO2 has multiple advantages compared to brine, including:  
x low kinematic viscosity, compared to brine, allowing for effective heat advection despite its relatively low heat capacity 
x high thermal expansibility, compared to brine, generating a much stronger thermosiphon effect through the injection 
well, the reservoir, and the production well 
These and other advantages of CO2 over brine can reduce or eliminate the need for pumps to drive recirculation of 
the underground working fluid through the reservoir [9,10,11].  
CO2 Plume Geothermal (CPG) differs from employing CO2 EGS [7,8] because CPG extracts heat from sedimentary 
or stratigraphic reservoirs that have naturally high permeability and are much larger than the artificially generated EGS 
reservoirs [12,13,14,15,16,17]. Because sedimentary reservoirs are much larger than hydrothermal upflows, they have 
lower, more predictable, drilling risk than typically associated with geothermal reservoirs in hydrothermal upflows. 
Further, these large reservoirs can hold large amounts of CO2 that can take up the heat that is widely distributed 
throughout the reservoir resulting in a significant energy source, despite the relatively low temperatures (~100oC) of 
such fairly shallow (~3 km deep) reservoirs. Such stratigraphic reservoirs are common throughout the world [18] as they 
exist, for example, below approximately half of North America [19,20,21]. These reservoirs are also the target of GCS 
efforts [22] to reduce global climate change [23]. Coupling CPG with a GCS project creates a CO2 capture utilization and 
storage (CCUS) opportunity that can defray the cost of GCS by using CO2 as a resource to generate electricity. 
1.2. Multi-Fluid Geothermal Energy and Hybrid Multi-Fluid Geo-Energy Systems 
The multi-fluid geothermal energy system approach [1,2,3,4] builds upon the CPG approach [1516] by taking 
advantage of the fact that CO2 injection creates reservoir overpressure and displaces formation brine that can be 
produced under artesian conditions. In addition to injecting CO2, this approach includes the option of injecting N2 
separated from air into permeable formations (Fig. 1a)  to augment and store pressure (bulk energy) and provide 
efficient working fluids, while adding operational flexibility [24]. Our approach shares some of the attributes of 
pumped storage hydro and its subsurface equivalent, underground pumped hydro storage [3]. An expansion of this 
approach, called multi-fluid geo-energy systems [6], can store and dispatch thermal energy generated by surface 
thermal resources, such as concentrating solar power (CSP) and base-load power plants (Fig. 1b). This expanded 
approach can be used to levelize the delivery of CSP and mitigate the variability of wind and solar power. Similar to a 
hybrid nuclear-renewable energy approach proposed by Forsberg [25], our approach may allow low-carbon, base-load 
power (e.g., nuclear) to operate at full thermal capacity, with excess thermal energy stored during periods of over-
generation being available as dispatchable power during periods of high demand. This storage can provide load-
following and peaking capacity and may allow utilities to retire less efficient, carbon-intensive power plants. 
 Thomas A. Buscheck et al. /  Energy Procedia  63 ( 2014 )  7619 – 7630 7621
 
Fig. 1. (a) Vertical cross section of a multi-fluid geothermal energy system [5,6] using only a subsurface geothermal energy resource, showing multiple 
rings of horizontal injection and production wells. Cooled brine and cushion gas exit the power plant to be injected into a permeable formation. The 
option exists for heat exchangers in the power plant to transfer heat from hot brine to supercritical CO2/N2 prior to sending those fluids through a 
Brayton Cycle turbine to boost power conversion efficiency. Pressurized cushion gas and brine inside the hydraulic divide provide bulk energy 
storage (BES). The outer ring of production wells function as a pressure sink, creating a hydraulic trough that laterally constrains overpressure 
(stippled shaded area). (b) Similar to (a) except that instead of cold brine, hot brine (heated by a surface thermal energy resource) is injected [6]. 
Pressurized cushion gas and brine provide BES and enable large-capacity, long-duration (seasonal) thermal energy storage. Hybrid multi-fluid 
geo-energy systems do not require a high-grade geothermal heat source. In this study, the only cushion gas we considered was CO2. Although 
shown here with horizontal wells, this approach can also be deployed with vertical wells. 
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Concentric rings of horizontal injection and production wells are arranged to create a hydraulic divide to store pressure, 
CO2, N2, and thermal energy (Figs. 1a and 1b). This storage offers the ability to take excess power from the grid along 
with excess/waste thermal energy, and to dispatch that energy when it is demanded. The system is pressurized and/or 
heated when power supply exceeds demand and depressurized when demand exceeds supply. Supercritical CO2 and N2 
function as cushion gases to provide enormous pressure-storage capacity—similar to compressed air energy storage—and 
as working fluids for highly efficient power conversion in Brayton Cycle turbines. The injection of CO2 and N2 frees up 
large quantities of make-up brine, which can reduce the use of fresh water for power generation.  Time-shifting the 
parasitic loads associated with pressurizing and injecting brine and N2 provides bulk energy storage over days to months. 
While similar to pumped hydroelectric storage, the round-trip efficiency is higher because it is accomplished by time-
shifting a parasitic load that is already required for fluid recirculation.  Further, continuous modulation of the parasitic 
loads can provide ancillary grid services (e.g., load-following). Our approach is designed to provide large-capacity, long-
duration thermal energy storage to address diurnal and seasonal variability of supply and demand on electricity grids. 
1.3. Deployment Options 
Our approach is designed for locations where a permeable geologic formation (typically sedimentary rock) is overlain 
by a caprock that is impermeable enough to constrain the vertical migration of buoyant, pressurized CO2 and/or N2. 
Ideally, the permeable formation would also be underlain by an impermeable formation (bedrock) to help store pressure. 
Such geologic conditions exist over much of the contiguous United States [26]. Areas with a sufficient geothermal 
gradient are required where geothermal energy is the only thermal energy resource, but hybrid applications that combine 
subsurface and surface thermal energy resources can reduce the need for subsurface heat. 
One option for a hybrid, multi-fluid, geo-energy system could involve a nuclear power plant with a pressurized water 
reactor. These systems recirculate 300oC pressurized water. At night during minimum power demand, this water could be 
put through a heat exchanger to heat brine that is injected and stored in a subsurface reservoir (Fig. 1b). Such a 
configuration is similar to a high-grade geothermal resource, with the added advantage of being shallower than a typical 
geothermal reservoir. Further, hybrid operations that switch between power-delivery and thermal-energy-storage modes 
provide an economic justification for the plant to operate at full thermal capacity. Stored thermal energy can be used for 
peaking capacity or pre-heating high-temperature, CSP tower systems. Note that this hybrid example is also applicable to 
CSP parabolic-trough systems that recirculate pressurized water in the 300oC range [27]. 
2. Modeling Approach 
We conduct reservoir analyses with the Nonisothermal Unsaturated Flow and Transport (NUFT) numerical simulator, 
which simulates multi-phase heat and mass flow and reactive transport in porous media [28,29]. NUFT has been used 
extensively in GCS reservoir studies [30,31,32,33,34] and for multi-fluid geothermal systems [1,2,3,4,35,36]. The 
values of pore and water compressibility are 4.5×10-10 Pa-1 and 3.5×10-10 Pa-1, respectively. Water density is 
determined by the ASME steam tables [37]. The two-phase flow of supercritical CO2 and water is simulated with 
the density and compressibility of supercritical CO2 determined by the correlation of Span and Wagner [38] and 
CO2 dynamic viscosity is given by the correlation of Fenghour et al. [39]. 
A generic system (Fig. 2) is modeled over the course of 30 years, consisting of a 125-m-thick reservoir with a 
permeability of 100 mD, bounded by low-permeability (caprock and bedrock) seal units each with a permeability of 
0.001 mD. Hydrologic properties are similar to previous GCS [30,31,34,40,41,42] and multi-fluid geothermal studies 
[1,2,3,4,24,35,36,43]. Because conditions are assumed to be laterally homogeneous, we use a radially-symmetric (RZ) 
model. A geothermal gradient of 37.5oC/km and reservoir bottom depths of 3, 4, and 5 km are considered. The 
initial temperatures at the bottom of the reservoir are 127.0, 164.5, and 202.0oC for the three depths, respectively, 
assuming a mean annual surface temperature of 14.5oC. Using an RZ model allows for fine mesh refinement, 
particularly around the injectors and producers to better model fluid pressure gradients close to the wells. 
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Fig. 2. Multi-ring, horizontal-well configuration used in the multi-fluid geothermal energy system cases presented in this paper. All wells are located at the 
bottom of the permeable reservoir formation. Due to buoyancy, supercritical CO2 migrates to the top of the permeable reservoir to form a cushion gas cap 
that increases the pressure-storage capacity of the system. Together with the impermeable caprock and bedrock, the hydraulic divide forms a “container” to 
store CO2 and pressure, which enables bulk energy storage. The hydraulic trough is, effectively, at the base of the “spillway” of this energy storage system. 
For the multi-fluid geo-energy system cases of thermal energy storage, the radial distance to the outer ring of brine producers (Ring 4) is 2.75 km. 
In this study, we use NUFT to model pure supercritical CO2 injection. We use the reservoir model results to 
determine brine-based, Organic Rankine Cycle (ORC) binary-power generation, using the GETEM code [44]. 
Geothermal energy is extracted from produced CO2 at the surface using a direct-cycle power system, in which the 
produced CO2 is itself sent through a turbine rather than a binary-cycle power system. For CO2 as a working fluid, 
direct-power systems offer much greater energy conversion efficiency than binary systems [11,12] because the 
supercritical fluids generate a substantial usable pressure difference between the hot production wellhead and the 
cold injection wellhead (across the turbine), whereas Joule-Thompson cooling reduces produced fluid temperature. 
For this study, we consider initial CO2 injection rates ranging from 15 to 240 kg/sec. For all cases, the maximum 
CO2 injection rate is specified to be no greater than twice the initial rate. For most cases, the CO2 injection rate 
gradually increases to the maximum rate, which allows produced CO2 to be recirculated and to extract more heat 
from the reservoir. All produced CO2 is reinjected into the second ring of horizontal wells and all produced brine is 
reinjected into the third ring of horizontal wells (Fig. 2). Power is generated from produced CO2 in a direct system 
and from brine in an indirect (i.e., binary ORC) system. It is assumed that the exit temperature of the brine from the 
binary-cycle power plant is cooled so that it enters the reservoir at a temperature of 65oC. After the CO2 has passed 
through the direct-cycle turbine, the CO2 is assumed to have cooled to such a temperature at the injection well head 
that after compression in the injection well, the temperature of the CO2 entering the reservoir at depth is 25oC. The 
CO2 that is delivered from the fossil-energy system source is also assumed to enter the reservoir at 25oC. For the multi-
fluid geo-energy system cases of thermal energy storage (TES), the brine is heated by a surface thermal resource (e.g., 
nuclear or CSP plant) so that it enters the reservoir at a temperature of 300oC. For the TES cases, the brine reinjection 
rates are the same as those for the corresponding multi-fluid geothermal energy system case. For the TES cases it was 
necessary to decrease the spacing between the ring of brine injectors and the outer producer ring from 2 km to only 250 m 
(Fig. 2) to reduce the time required for the heated brine to reach the outer ring of brine producers. 
3. Results 
The results of this study are presented in four parts. In Section 3.1, we assume constant heat withdrawal rate from 
the reservoir and synchronous parasitic loading of the power required to pump brine to drive fluid recirculation (which 
is typical for geothermal power systems), when analyzing the dependence of power generation on CO2 injection rate 
and geothermal resource depth/temperature. In Section 3.2, we briefly consider how time shifting the parasitic load of 
brine pumping can achieve diurnal bulk energy storage (BES). In Section 3.3, we briefly consider how a multi-fluid 
geothermal system can be utilized to achieve diurnal thermal energy storage (TES). In Section 3.4, we examine 
geologic CO2 storage capacity and the value of CO2 to electric power generation and energy storage. 
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3.1. Power Generation with Synchronous Parasitic Loading at a Constant Heat Withdrawal Rate 
As discussed in detail in other studies [2,3,4,11,12], net power (Fig. 3b) is influenced by several factors: (1) thermal 
decline (Fig. 3d), (2) parasitic load, which is dominated by brine pumping (Fig. 3c) and how that is influenced by 
reservoir overpressure (Fig. 3e), and the influence of (3) geothermal resource depth and temperature. The first two 
factors can be controlled by reservoir management, including the spacing between the injectors and producers and 
the initial CO2 injection rate. Wider spacing between the injectors and producers delays thermal decline; however, it 
also increases the overpressure at the injectors required to drive brine to the producers. For our system we found that 
2-km spacing between the ring of brine injectors and the outer ring of brine producers (Rings 3 and 4 in Fig. 2) was 
a reasonable compromise between delaying thermal breakthrough, while limiting overpressure. 
Gross power (Fig. 3a) strongly increases with geothermal resource depth/temperature. It also increases with CO2 
injection rate because CO2 displaces and drives brine towards the inner ring of producers (Ring 2 in Fig. 2), which frees 
up make-up brine for reinjection in the third ring of wells. Injection of CO2 also creates a large “topographic high” in 
pressure, allowing overpressured brine to be injected in the third ring of wells uphill from the downhill outer ring of 
brine producers (Fig. 2). The magnitude of this topographic high increases with CO2 injection rate; hence, brine 
production at the outer producer ring increases with CO2 injection rate. Gross power increases with initial CO2 injection 
rate for initial CO2 injection rates < 120 kg/sec and levels out for CO2 injection rates > 120 kg/sec. This change in slope 
is caused by CO2 breakthrough at the inner ring of producers, with the additional CO2 being entirely produced and 
recirculated, rather than being  added to net storage (Fig. 3g) and causing any further increase in overpressure (Fig. 3e). 
The contribution of power generated by CO2 production to total gross power is relatively small (Fig. 3h) in general. 
The contribution of CO2 to gross power increases with CO2 injection rate. For the cases considered in this study, the 
primary benefit of CO2 injection is to drive efficient production of formation brine for brine-based power generation. 
3.2. Diurnal Bulk Energy Storage (BES) 
For BES, we categorize geothermal energy system operations into two time periods. 
1. Recharge period: when the parasitic load of brine pumping (the major parasitic load) is entirely imposed. 
During this period, the heat withdrawal rate from the reservoir can also be reduced to achieve negative net power 
generation, which corresponds to taking (storing) energy from the electricity grid. 
2. Discharge period: when only the minor parasitic loads (e.g., injecting the recirculating CO2) are imposed. During this 
period, net power is nearly equal to gross power and energy that was stored during the recharge period is returned to 
the electricity grid. The net power ratio is defined to be net power during the discharge period, divided by constant (or 
average) net power that would occur with synchronous parasitic loading and constant heat withdrawal rate. 
We consider a diurnal BES cycle consisting of a 6-hour recharge period and an 18-hour discharge period. Two specific 
cases are included: (1) BES case A, which time-shifts brine parasitic loading for a 6/18-hour recharge/discharge cycle and 
(2) BES case B, which is almost the same as case A, but reduces heat withdrawal rate by 50% during recharge (Fig. 4). In 
all but one case (Fig. 4c); BES case A yields a negative net power during recharge, corresponding to taking (storing) 
energy from the grid. When variable heat withdrawal is added, all six cases yield negative net power during recharge. For 
the 3-km deep reservoir, the net power ratio is 2.0 and 2.3 for BES cases A and B, respectively (Fig. 4a); thus, the power 
available to the grid during high demand can double as a result of diurnal BES. The added benefit of multi-fluid BES can 
enhance the financial viability of what may otherwise be considered a marginal geothermal resource, while simultaneously 
promoting implementation of other, intermittently available, renewable energy sources, such as wind and solar. 
3.3. Diurnal Thermal Energy Storage (TES) 
Before examining the details of diurnal TES (Fig. 5), we consider how injecting pre-heated brine affects geothermal 
resource utilization in general (Fig. 3). As found elsewhere [4], injecting pre-heated brine reduces fluid viscosity around 
the injection well, which reduces the overpressure required to inject brine. This reduces the parasitic load of brine pumping, 
which, in turn, increases net power (Fig. 3b). Reducing the spacing between the brine injectors and producers by a factor 
of eight (from 2 km to 250 m) also has a major effect on reducing overpressure (Fig. 3e) and parasitic load (Fig. 3c). 
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Fig. 3. Geothermal system performance for 30 years of operation is plotted for three reservoir depths as a function of initial CO2 injection rate, 
including (a) average gross power, (b) average net power, (c) average parasitic load, (d) production temperature of the outer brine producers at 30 years, 
(e) peak overpressure at the brine injectors, (f) average unit value of net stored CO2, (g) net CO2 storage, and (h) percentage of gross power generated 
by CO2 production. Also plotted is the equivalent geothermal system performance for thermal energy storage (TES) at a reservoir depth of 3 km. The 
unit value of CO2 is based on power sales at $100/MWh. 
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Fig. 5. An example of diurnal thermal energy storage (TES) is shown by plotting the time series of net power delivered to the electricity grid (net power 
delivery rate) and the equivalent storage rate over a 48-hour period that occurs (a) 5 years into production and (b) 10 years into production for an initial 
CO2 injection rate of 120 kg/sec (where the maximum CO2 injection rate is constrained to be 240 kg/sec) and for reservoir depth of 3 km. The equivalent 
storage rate is the net power that could have been delivered to the grid if the associated thermal energy were not injected and stored in the reservoir. 
The round-trip efficiency is 89.3% 5 years into production, increasing to 96.4% at 10 years. In contrast to most geothermal power systems, the 
efficiency of TES systems improves with time. 
Fig. 4. An example of diurnal bulk energy storage (BES) is shown by 
plotting the time series of net power over a 48-hour period that 
occurs 10 years into production for an initial CO2 injection rate of 
120 kg/sec (where the maximum CO2 injection rate is constrained 
to be 240 kg/sec) and for reservoir depths of (a) 3 km, (b) 4 km, and 
(c) 5 km. Time series are plotted for three cases: (1) no BES, with 
synchronous parasitic loading of brine pumping and constant heat 
withdrawal rate; (2) BES case A, which time-shifts the brine parasitic 
load to a 6-hour recharge period every 24 hours; and (3) BES case B, 
which reduces heat withdrawal by 50% and time-shifts the brine 
parasitic pumping load during a 6-hour period every 24 hours. The 
BES benefit of time-shifting the parasitic load is relatively greater for 
shallow geothermal resources because parasitic load is relatively 
greater than it is for deeper geothermal resources. 
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Injecting brine pre-heated by a surface thermal resource to 300oC into a relatively shallow (3 km deep) reservoir 
greatly increases the utilization of that geothermal resource. For an initial CO2 injection rate of 120 kg/sec, the net 
power averaged over 30 years is increased nearly tenfold from 54.8 MWe to 515.3 MWe (Fig. 3b). Because the radius 
of the outer ring of producers has been reduced from 4.5 km to just 2.75 km, the number of wells required for the TES 
case will be much less than for the corresponding geothermal energy case. This reduces the circumference of the outer 
ring of brine production by nearly 40%. Hence, a smaller well infrastructure could support a much larger production 
rate, with a substantial increase in the leveraging of wells costs. 
For this preliminary study of TES, we assume the same brine reinjection rates as for the corresponding geothermal 
energy case. Consequently, the overpressure at the brine injectors required to maintain that brine production rate is 
quite small. For an initial CO2 injection rate of 120 kg/sec, peak overpressure is 14.4 MPa at the brine producers for the 
geothermal case, while it is only 1.7 MPa for the corresponding TES case (Fig. 3e), nearly a tenfold reduction. 
Accordingly, the average parasitic load (Fig. 3c) is reduced by a factor of 40 (from 46.8% to only 1.2%). It should thus 
be possible to increase brine production rate by increasing the overpressure at the brine injectors without it being a 
concern for induced seismicity [45]. This could substantially increase the average net power for the TES case above 
that shown in Fig. 3b. 
While Fig. 3 shows the potential for TES averaged over a 30-year production period, there are many specific TES 
scenarios that could be implemented for this general case. We consider a simple diurnal TES case where heat withdrawal 
is held constant (with net power fluctuating only slightly), while pre-heated brine is periodically injected during a 
12-hour recharge period every 24-hours (Fig. 5). Five years into production, the average net power is 679.8 MWe; 
the parasitic load for fluid recirculation is 1.5%; and the brine production temperature is 270.2oC, resulting in a 
round-trip efficiency of 89.3%. Generating an average net power of 679.8 MWe requires injecting 300oC brine at an 
equivalent storage rate of 1522.5 MWe during the 12-hour recharge period (Fig. 5a). The equivalent storage rate is 
defined to be the net power that could have been directly delivered to the electricity grid if the associated thermal 
energy were not injected and stored in the reservoir. Ten years into production, the average net power is 619.3 MWe; 
the parasitic load for fluid recirculation is 1.1%; and the brine production temperature is 290.0oC, resulting in a 
round-trip efficiency of 96.4%. To generate an average net power of 619.3 MWe, the equivalent storage rate is 
1284.4 MWe (Fig. 5b). 
Because the parasitic load of brine pumping is only imposed during the recharge period, the net power to the grid 
fluctuates slightly (2 to 3%). At 5 years, the net power delivered to the grid is 669.2 MWe during the 12-hour recharge 
period and is 690.3 MWe during the 12-hour discharge period (Fig. 5a). At 10 years, the net power delivered to the grid 
periodically fluctuates between 612.6 and 625.9 MWe (Fig. 3b). Because CO2 is continuously injected at a constant rate, 
the very small parasitic load of injecting CO2 is imposed continuously. With the heat withdrawal rate being held constant, 
the geothermal power plant can continuously run at full capacity, all while the TES system accommodates a periodic 
surface thermal resource, such as concentrating solar power. TES could also be integrated with a base-load thermal power 
plant (e.g., nuclear), allowing it to switch between power-delivery and thermal-energy-storage modes. This TES system 
could also be run with a variable heat withdrawal rate that could further accommodate mismatches between supply and 
demand on electricity grids at a range of timescales (minutes to hours, to perhaps weeks or longer). 
3.4. Geologic CO2 Storage and the Value of CO2 to Power Generation and Energy Storage 
As discussed earlier, net CO2 storage increases with initial CO2 injection rate (Fig. 3g), up to an initial CO2 
injection rate of 120 kg/sec. Above that rate, CO2 breakthrough at the inner producers results in all of the additional 
CO2 being produced and recirculated, rather than adding to net CO2 storage. Net CO2 storage increases with 
reservoir depth/temperature (Fig. 3g) because the viscosity of brine decreases more quickly with increasing 
temperature than does the viscosity of CO2. Hence, with increasing temperature, breakthrough of CO2 at the inner 
producers is increasingly delayed, resulting in greater net storage of CO2. The TES case is able to store more CO2 
due to the very small overpressure at the ring of brine reinjectors. With the much smaller overpressure, the hydraulic 
divide is not able to fully contain the CO2 plume, which is able to break through the divide and laterally spread. This 
situation could be controlled by monitoring the outward migration of the CO2 plume, and reducing the CO2 injection 
rate so as to mitigate this outward migration. Because gross power (Fig. 3a) and net power (Fig. 3b) are not increased 
for initial CO2 injection rates > 120 kg/sec, it may not be economically justifiable to inject CO2 at such a high rate. 
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The unit value of CO2 (Fig. 3f) is based on power sales at $100/MWh and net CO2 storage over a 30-year project 
life. Unit CO2 value increases with reservoir depth/temperature. It also increases with decreasing initial CO2 
injection rate. For initial CO2 injection rates > 120 kg/sec, the net CO2 value is insensitive to CO2 injection rate for 
the geothermal energy cases. For initial CO2 injection rates < 165 kg/sec, the TES case generates a higher net CO2 
value than any of the geothermal energy cases. As noted earlier, because net power is not increased for initial CO2 
injection rates > 120 kg/sec, it may not be economically justifiable to inject CO2 at such a high rate. 
The TES case with an initial CO2 injection rate of 120 kg/sec appears to be an attractive option because it 
generates a unit CO2 value of $100/MT, while storing 134.4 MT of CO2 (an average of 4.5 MT/yr) and enabling 
increased penetration of variable renewable energy sources, without curtailments to low-carbon base-load power. 
3.5. Future Work  
This study provides first-order insights into the potential viability of multi-fluid geothermal energy systems and 
hybrid multi-fluid geo-energy systems for a relatively simple generic, layered reservoir system with a single 
homogeneous, isotropic value of reservoir permeability and a single value of reservoir thickness. Future work should 
address the influence of permeability heterogeneity and anisotropy, including reservoir compartmentalization, 
constrained by data from specific geologic settings. 
Future work should also address the economics of power generation, ancillary services, as well as diurnal and 
seasonal BES and TES. Such work should consider actual electric-grid supply/demand histories, examining how 
parasitic loads can be modulated, and fluid and heat withdrawal rates varied, in response to grid imbalances for a 
range of timescales (seconds to weeks or longer). This work should include assessments of capital and operating 
costs in determining the overall economic viability of the multi-fluid geothermal and hybrid multi-fluid geo-energy 
systems to providing dispatchable power and energy storage. Future work should also consider how TES might be 
deployed in depleted geothermal or hydrocarbon reservoirs, as well as in saline aquifers amenable to GCS that fall 
outside of the realm of typical geothermal resources. 
4. Conclusions 
We present an approach that synergistically combines geologic CO2 storage with geothermal resources and 
surface (solar, nuclear, fossil) thermal resources to enable efficient dispatchable renewable electricity. Injected CO2 
can function as an efficient working fluid for heat extraction and power conversion; it also functions as a cushion 
gas, enabling large pressure-storage capacity. By using an efficient arrangement of concentric rings of wells, it is 
possible to manage the injection of CO2, the reinjection of produced brine, and the production of working fluids 
(CO2 and brine) to store pressure (bulk energy) and generate artesian flow of brine. The option exists for brine to be 
heated prior to reinjection, using surface thermal resources (e.g., concentrating solar power) to provide subsurface 
thermal energy storage. Such storage can take excess power from the grid and excess/waste thermal energy, and 
dispatch that energy when it is demanded, enabling increased penetration of variable renewables. 
During periods of low demand, our bulk energy storage approach can take electricity from the grid to power the 
parasitic load for brine pumping, which increases the power available to the grid during periods of high demand. The 
added benefit of bulk energy storage can enhance the financial viability of geothermal resources, including those that may 
otherwise be economically marginal, while it promotes implementation of other, intermittently available, renewable 
energy sources, such as wind and solar, which are in need of efficient, large-scale energy storage. 
Our thermal energy storage approach can increase the value and utilization of geothermal resources, by increasing 
net power, which results from increasing gross power, while decreasing the parasitic load associated with fluid 
recirculation. In contrast to geothermal power systems limited by thermal decline, the efficiency of this thermal energy 
storage approach improves with time. As an example of diurnal thermal energy storage, we find that round-trip 
efficiency improves from 89.3% after 5 years of operation to 96.4% after 10 years. 
Our thermal energy storage approach may also be useful in other geologic settings that are amenable to geologic 
CO2 storage but that are not typically considered geothermal resources, such as depleted oil and gas reservoirs. Finally, 
the revenues generated by geothermal power and energy-storage applications may justify CO2 capture costs, increasing 
the likelihood of deployment of geologic CO2 storage in CO2 capture, utilization, and storage (CCUS) systems. 
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